Epigenetics is the study of the heritable changes in gene expression that occur without a change in the DNA sequence itself. These heritable epigenetic changes include chromatin folding and attachment to the nuclear matrix, packaging of DNA around nucleosomes, histone modifications, and DNA methylation. The epigenome is particularly susceptible to dysregulation during gestation, neonatal development, puberty, and old age. Nevertheless, it is most vulnerable to environmental factors during embryogenesis because the DNA synthetic rate is high, and the elaborate DNA methylation patterning and chromatin structure required for normal tissue development is established during early development. Metastable epialleles are alleles that are variably expressed in genetically identical individuals due to epigenetic modifications established during early development and are thought to be particularly vulnerable to environmental influences. The viable yellow agouti (A vy ) allele, whose expression is correlated to DNA methylation, is a murine metastable epiallele, which has been used as an epigenetic biosensor for environmental factors affecting the fetal epigenome. In this review, we introduce epigenetic gene regulation, describe important epigenetic phenomenon in mammals, summarize literature linking the early environment to developmental plasticity of the fetal epigenome, and promote the necessity to identify epigenetically labile genes in the mouse and human genomes. H istorically, DNA has been considered the sole unit of biologic inheritance. Therefore, research was designed to investigate how individuals with different genotypes respond to various environmental factors and how these responses change over time. Recently, however, the revelation that epigenetic marks are influenced by environmental factors (1,2), and may also be inherited transgenerationally (3,4) has promoted the investigation of how epigenetic variability affects phenotype. If the genome is thought of as being similar to the hardware in a computer, the epigenome is the software that directs the computer's operation. Thus, identifying epigenetic targets and defining how they are dysregulated in human disease by environmental exposures will allow for the development of innovative novel diagnostic, treatment, and prevention strategies that target the "epigenomic software" rather than the "genomic hardware."
H istorically, DNA has been considered the sole unit of biologic inheritance. Therefore, research was designed to investigate how individuals with different genotypes respond to various environmental factors and how these responses change over time. Recently, however, the revelation that epigenetic marks are influenced by environmental factors (1, 2) , and may also be inherited transgenerationally (3, 4) has promoted the investigation of how epigenetic variability affects phenotype. If the genome is thought of as being similar to the hardware in a computer, the epigenome is the software that directs the computer's operation. Thus, identifying epigenetic targets and defining how they are dysregulated in human disease by environmental exposures will allow for the development of innovative novel diagnostic, treatment, and prevention strategies that target the "epigenomic software" rather than the "genomic hardware."
The term "epigenetics" was first defined in the 1940s by developmental biologist Conrad Waddington as "the interactions of genes with their environment, which bring the phenotype into being (5) ." Subsequently, in 1975, Holliday and Pugh proposed covalent chemical DNA modifications, including methylation of cytosine-guanine (CpG) dinucleotides, as the molecular mechanism to explain Conrad's hypothesis (6) . Several years later, the revelations that X-inactivation in mammals and genomic imprinting are regulated by epigenetic mechanisms highlighted the heritable nature of epigenetic gene regulation mechanisms (7, 8) . The genomics revolution inspired the investigation of global rather than local gene analyses, and the term "epigenomics" was coined as the study of the "effects of chromatin structure including the higher order of chromatin folding and attachment to the nuclear matrix, packaging of DNA around nucleosomes, covalent modifications of histone tails (acetylation, methylation, phosphorylation, ubiquitination), and DNA methylation (9) ." Additionally, evidence demonstrating the resistance of certain gene loci to methylation reprogramming during embryogenesis revealed that epigenetic modifications can be inherited not only mitotically but also transgenerationally (3, 4, 10) .
EPIGENETIC MECHANISMS
The two most extensively studied epigenetic mechanisms in mammals are methylation of cytosine at the carbon-5 position in CpG dinucleotides and chromatin packaging of DNA via histone variants and posttranslational histone modifications as well as subsequent nonhistone protein recruitment to specific regions of DNA. Both chromatin condensation and DNA methylation are generally associated with gene silencing. They are not necessarily independent events, but may act together to alter gene transcription. The influence of regulatory small RNA/micro RNA on gene transcription is another field of epigenetic gene regulation that is now emerging.
DNA methylation. Cytosine methylation of CpG dinucleotides is a postsynthetic DNA modification in which a methyl group is enzymatically transferred from s-adenosylmethionine (SAM) to the carbon-5 position of the cytosine ring. This reaction is catalyzed by DNA methyl transferases Dnmt1, Dnmt3a, Dnmt3b, and Dnmt2 as well as accessory proteins like Dnmt3L (11) . The resulting 5-methylcytosine (5mC) plays an important role in many aspects of cellular function. The methyl group of the 5mC extends into the major groove of DNA, inhibiting transcription by interfering with transcription factor binding proteins. In addition, DNA methyl transferases and methylated DNA interact with higher order chromatin proteins, such as the repressive PcG protein, EZH2, to affect histone modifications and further compact chromatin (12) .
The distribution of CpG sequences in mammalian genomes is nonrandom (13) . CpG dinucleotides are greatly underrepresented in the mammalian genome due to evolutionary spontaneous deamination of 5-methylcytosine to thymine. The majority of unmethylated sites occur in CpG islands, defined as discreet regions containing more than 50% CpG content. Normally, they are located within or near gene promoters or first exons of housekeeping genes. In contrast, the promoter and regulatory regions of transposable elements are methylated, thereby inhibiting the parasitic transposable and repetitive elements from replicating. Finally, the cis-acting imprinting regulatory elements involved in parental-specific silencing of one allele of imprinted genes are differentially methylated (13, 14) . Thus, the monoallelic, parent-of-origin-dependent expression of imprinted genes is epigenetically regulated, and therefore susceptible to expression deregulation by environmental factors that alter the epigenome.
Chromatin packaging. Epigenetic manipulation of cellular phenotype is also driven by alteration of chromatin structure via covalent histone modifications and incorporation of histone variants into the nucleosome (15) . Chromatin is a nucleoprotein complex that packages linear genomic DNA via an array of nucleosomes. Each nucleosome consists of 147 base pairs of DNA coiled around an octamer of histone proteins. Each octamer contains two copies each of the four core histones, H2A, H2B, H3, and H4. Chromatin may be further modified by association with linker histones, histone variants, and nonhistone proteins as well as a myriad of posttranslational modifications of histone proteins, including histone acetylation, methylation, ubiquitinylation, phosphorylation, and ADP-ribosylation (16, 17) .
Histone acetylation is usually associated with transcriptional activation because the affinity of histone proteins for DNA is reduced and chromatin packaging is relaxed. Histone methylation results in various transcriptional consequences depending on histone number and the lysine residue modified. For example, histone H3 methylation at lysine 9 is associated with heterochromatin and gene silencing, while histone H3 methylation at lysine 4 or 27 is associated with transcriptional activation. Each lysine residue may be methylated in the form of mono-, di-, or tri-methylation, adding enormous complexity to the histone code. Furthermore, histone modifications interact with DNA methylation patterns to recruit multi-subunit chromatin-protein complexes, such as the repressive polycomb group proteins or the activating SWI-SNF proteins, adding yet another layer of complexity to epigenetic gene regulation.
Small RNA. Complementary RNA has long been known to induce gene-silencing, but the exact mechanisms are still being elucidated. Short antisense RNA transcripts are produced within the nucleus by the action of the enzyme Dicer, which cleaves double-stranded RNA precursors into 21-26 nucleotide long RNA species (18, 19) . These then associate with silencing-effector complexes, such as RISC (which directs cleavage of cognate mRNA or causes translational repression) and RITS (which mediates heterochromatin formation at target loci), and abrogate gene-expression. Thus, regulation mediated by small RNA occurs both at the posttranscriptional and transcriptional level.
The latter transcriptional regulation is referred to as "epigenetic silencing," and is mediated either by covalent modifications of chromatin (such as H3 methylation at Lys9) or by DNA methylation. Heterochromatin formation, particularly at centromeric regions, is initiated by siRNA produced via transposon-derived repeat regions, in association with the RITS complex. Spreading and maintenance of this repressed state involves a self-enforcing feedback loop of siRNA production and recruitment of heterochromatic proteins such as Swi6 (in fission yeast) or HP1 (in Drosophila and vertebrates). Recently, the ribonuclease Eri1 has been implicated in the downregulation of this heterochromatin assembly, by preventing excess siRNA accumulation.
EPIGENETIC PHENOMENA AND THE FETAL ENVIRONMENT
Environmental exposure to nutritional, chemical, and physical factors can alter gene expression, and affect adult phenotype by not only mutating promoter regions of genes, but also by modifying CpG methylation or other epigenetic modifications at critical epigenetically labile genomic regions (2) . Three potential epigenetic susceptibility targets for such environmentally induced effects are transposable elements, the promoter regions of housekeeping genes, and cis-acting regulatory elements of imprinted genes. These genomic targets contain CpG islands that are normally methylated, unmethylated, or differentially methylated, respectively. Of these epigenetically labile targets, the transposable elements and imprinted genes are particularly important.
Transposable elements and metastable epialleles. Most regions of the adult mammalian genome exhibit little interindividual variability in tissue-specific CpG methylation levels. In contrast, CpG methylation is determined stochastically at specific transposable element insertion sites, causing cellular epigenetic mosaicism and individual phenotypic variability (2) .
Transposons are parasitic, repetitive mobile elements that are dispersed throughout mammalian genomes. They are remnants of ancestral infections which became fixed in the germline DNA, and subsequently increased in copy number. The sequencing of the human genome provided the rather humbling finding that transposons comprise roughly 45% of our genome (20) . Most transposable elements are silenced by CpG methylation (21) ; however, the epigenetic state of a subset of transposable elements is metastable (22) . They can therefore potentially affect the expression of neighboring genes.
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Metastable epialleles are alleles that are variably expressed in genetically identical individuals due to epigenetic modifications that were established during early development (22) . The term "metastable" refers to the labile nature of the epigenetic state of these alleles, while "epiallele" defines their potential to maintain epigenetic marks transgenerationally. In addition, gestational exposure to nutritional agents and other environmental factors has been demonstrated to alter epigenetic marks at metastable epialleles (1, 23, 24) One model for such epigenetically based phenotypic variability is the viable yellow agouti (A vy ) mouse (Fig. 1) . The murine Agouti gene encodes a paracrine signaling molecule that promotes follicular melanocytes to produce yellow pheomelanin pigment rather than black eumelanin pigment. Transcription is normally initiated from a hair-cycle specific promoter in exon 2 of the Agouti (A) allele ( Fig. 2A) . Transcription of the A allele normally occurs only in the skin where transient expression in hair follicles during a specific stage of hair growth results in a subapical yellow band on each black hair, causing the brown (agouti) coat color of wildtype mice (25) .
The A vy allele resulted from the insertion of an IAP murine retrotransposon upstream of the transcription start site of the Agouti gene ( Fig. 2A) (1, 25) . A cryptic promoter in the proximal end of the A vy IAP promotes constitutive ectopic Agouti transcription, leading to yellow fur, obesity, and tumorigenesis (3, 26) . CpG methylation in the A vy IAP correlates inversely with ectopic Agouti expression. The degree of methylation varies dramatically among individual isogenic A vy /a mice (Fig. 2B) , causing a wide variation in coat color ranging from yellow (unmethylated) to pseudoagouti (methylated) (Fig. 1) (3) . Increased body weight is also positively correlated to ectopic agouti expression, as seen in the wk 15 isogenic A vy /a litter mates shown in Figure 1 .
Recently, the A vy model has been used as an epigenetic biosensor for determining if maternal dietary exposures affect the fetal epigenome. Cooney et al. (27) and Waterland et al. (1) demonstrated that maternal dietary methyl supplementation with extra folic acid, vitamin B 12 , choline, and betaine shifts the coat color distribution of the offspring toward the pseudoagouti phenotype. Waterland et al. (1) further demonstrated that the shift in coat color distribution was caused by increased methylation at each of seven A vy pseudoexon 1A (PS1A) CpG sites. Methylation profiles at the seven CpG sites were highly correlated in tissues from ectodermal (brain and tail), endodermal (liver), and mesodermal (kidney) lineages, indicating that methylation profiles at the A vy locus are established before embryonic stem cell differentiation. In addition, methylation in day 21 tissues was correlated to methylation in day 100 tissues demonstrating that methylation of this metastable epiallele is efficiently maintained over time.
In Imprinted genes. The vast majority of autosomal genes are expressed from both parentally contributed alleles; however, the expression of an increasing number of growth regulatory genes are controlled by an unusual epigenetic phenomenon referred to as genomic imprinting (13, 30) . Genomic imprinting is a non-Mendelian inherited epigenetic form of gene regulation that does not involve alterations in the DNA sequence but rather changes in DNA methylation and histone alterations, which are heritable during cell division (Fig. 3) . Moreover, expression of the single functional allele of an imprinted gene is parent-of-origin dependent.
The health consequences of genomic imprinting are potentially disastrous. It eliminates the protection that diploidy normally affords against deleterious effects of recessive mutations. Furthermore, the epigenetic regulatory system that maintains the functionally haploid state of these genes can be deregulated by nongenotoxic environmental agents. Thus, imprinted genes significantly increase susceptibility to developmental and behavioral disorders, and diseases like asthma, cancer, diabetes, and obesity.
The most widely debated theory of why imprinting evolved, "the conflict hypothesis," predicts that imprinting arose because of a genetic tug-of-war between the parents to control the amount of nutrients extracted from the mother by her offspring (31, 32) . We demonstrated that imprinting evolved approximately 180 million years ago following the divergence of Prototherian (i.e. monotremes) from Therian (i.e. marsupi- Figure 3 . Imprinting throughout development. Methylation marks associated with imprinted genes are established at two distinct phases of development. During gametogenesis, the imprint marks present on the maternal (pink, M) and paternal (blue, P) chromosomes are erased (gray), followed by establishment of primary imprints which then reflect only the sex of the individual in which they reside. Just after fertilization, a global demethylation event occurs in the zygote, first in the paternal pronucleus (blue, P), followed by the maternal pronucleus (pink, M). Imprint marks that were established in the gametes must resist this demethylation process. Remethylation of the diploid genome occurs postimplantation, and includes setting of the secondary imprints, which are maintained throughout the lifespan of the individual. 
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METASTABLE EPIALLELES AND IMPRINTING als and eutherians) mammals (13, 33) . Thus, genomic imprinting arose in mammals with the evolution of the placenta and advent of viviparity. Although Igf2 (IGF 2) is imprinted in all Therian mammals investigated including humans, imprinting at the Igf2r locus was lost approximately 75 million years ago in an ancestral mammal that ultimately gave rise to primates (13, 34) . NNAT and MEG3 are imprinted genes found only in eutherian mammals (35) . Although DLK1 and p57 (KIP2) are present in marsupials, they are only imprinted in eutherians (36, 37) . These findings demonstrate that the expression of imprinted genes is species, tissue, and developmental stage dependent, and indicate that imprinting may play an important role in mammalian speciation.
Abnormal expression of imprinted genes during development results in a number of severe pediatric developmental disorders such as Prader-Willi syndrome (PWS), Angelman syndrome (AS), and Beckwith-Wiedemann syndrome (BWS) (13) . In all three of these imprinting disorders, epigenetic alterations have an important contributory or causative role. Furthermore, IGF2 loss of imprinting (LOI) during in vitro fertilization (IVF) is associated with a significant increase in the incidence of these developmental disorders (38) .
Imprinted gene dysregulation can also occur in somatic cells, either by epigenetic or genetic mutations, causing cancer (39, 40) . Furthermore, only a single event is required to completely inactivate an imprinted tumor suppressor because imprinted genes are functionally haploid. Imprinted genes are therefore at a much greater risk of somatic cell inactivation by mutation, loss of heterozygosity (LOH) and epigenetic alterations in gene expression because one allele is already inactive because of imprinting. The imprinted, silenced allele has been equated to the "first hit," as proposed by Knudson in his two-step model for carcinogenesis.
Imprinted genes that encode for growth factors can also be inappropriately overexpressed in somatic cells through LOI (39, 40) . Cui and colleagues (41) demonstrated a surprising finding that lymphocytes in approximately 10% of the human population have LOI at the IGF2 locus. Moreover, IGF2 biallelic expression in peripheral lymphocytes is strongly correlated with IGF2 LOI in normal colonic mucosa, and a personal history of colorectal cancer. The mechanism for this potentially systemic epigenetic alteration is presently unknown. Nevertheless, IGF2 LOI is inherited or acquired early in life in a subset of people (41, 42) , and they appear to have an enhanced risk of developing cancer.
Early postnatal nutritional status also influences murine epigenetic gene regulation of the imprinted Igf2, a gene implicated in the etiology of a number of human cancers, including breast cancer (43, 44) . In 2006, Waterland et al. (45) demonstrated that postweaning diet affects the developmental relaxation of Igf2 imprinting. A methyl-donor deficient diet administered for 60 d postweaning caused a significant Igf2 LOI (expression from both rather than one parental allele) relative to that observed in mice receiving a natural control diet. Thus, the effects of nutrition on the epigenome are not limited only to the fetal stage of development, but may also influence early infant and childhood development.
EPIGENETIC REPROGRAMMING IN MAMMALS
Epigenetic marks, including CpG methylation, are generally stable in somatic cells; however, during at least two developmental time periods, the epigenome undergoes extensive reprogramming. These critical windows of development include gametogenesis as well as early preimplantation embryos (46) . At gametogenesis genome-wide demethylation happens during the development of the primordial germ cells. In the mouse this process occurs from E11.5 to E12.5 (47) . In the murine male germ cells, de novo methylation occurs around E16 -18.5, whereas, in female germ cells de novo methylation occurs after birth in mature oocytes. This demethylation and remethylation cycle is thought to erase previous paternal imprints and reestablish sex-specific imprints. It may also be important for clearance of acquired epigenetic marks via genetic factors, environmental exposures, or disease state.
At fertilization both parental genomes undergo further epigenetic modifications. Initially, the paternal genome, which exists as a single copy and is densely packaged, exchanges protamines for histones and undergoes active demethylation before DNA replication (48) . Secondly, the maternal genome, which exists in two copies and is arrested at metaphase II, completes meiosis and undergoes passive demethylation after several cleavages (47) . This wave of epigenetic demethylation is thought to restore totipotency of the fertilized egg; however, some sequences are protected from epigenetic reprogramming at fertilization, including those regulating monoallelic expression of imprinted genes, repeat sequences such as IAP, and heterochromatin near chromosome centromeres (10, 46, 49) . De novo methylation of both parental genomes occurs around implantation, with the embryonic lineages, such as the inner cell mass, showing hypermethylation in comparison to extraembryonic lineages, such as the trophectoderm.
Importantly, some genomic loci fully or partially escape epigenetic reprogramming during in utero development. In the late 1970s breeding studies involving both A vy and Axin Fu revealed inheritance of coat color (50) or tail kink phenotype (51). For example, pseudoagouti A vy mothers but not the fathers produced more pseudoagouti offspring. In contrast, penetrant Axin Fu mothers and fathers produced more offspring with tail kinks. These observations led to the hypothesis that epigenetic modifications are not only mitotically heritable, but also transgenerationally heritable through inefficient erasure of epigenetic marks during gametogenesis. Using embryo transfer experiments in inbred mouse strains, Whitelaw and colleagues (3, 4, 52) determined that the observed inheritance patterns were not associated with unlinked modifier genes or differences in intrauterine environments, but rather with epigenetic inheritance resulting from incomplete epigenetic reprogramming. Recently Whitelaw's group assessed DNA methylation in A vy gametes, zygotes, and blastocysts to determine whether methylation was the transgenerationally inherited epigenetic mark (53). Interestingly, DNA methylation was absent from the blastocyst, indicating that an epigenetic mechanism other than DNA methylation is the inherited mark.
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In addition, epigenetic reprogramming may be affected by environmental factors, even in the absence of continued exposure. Interestingly, the influence of environmental factors on epigenetic gene regulation may also persist transgenerationally despite the lack of continued exposure in second, third, and fourth generations (54) . Anway et al. (54) observed epigenetic inheritance of altered DNA methylation patterns in the male germ line following transient exposure to the antiandrogenic fungicide vinclozolin and the estrogenic pesticide methoxychlor. The fact that epigenetic marks are inherited transgenerationally, and that they are influenced by the environment supports the concept that genome-wide epigenetically labile genes need to be identified in both the mouse and human.
GENOME-WIDE IDENTIFICATION OF METASTABLE EPIALLELES
The developmental origins hypothesis states that environmental factors, such as nutrition acting in early life, program the risks for adverse health outcomes in adult life (55) . Evidence shows that transposons adjacent to genes like the Agouti in A vy mice (1, 2) , and the regulatory elements of imprinted genes are the epigenomic targets linking environmental exposures during gestation to the development of diseases in adulthood (2, 56) . The epigenome is particularly vulnerable to environmental perturbations during embryogenesis. Thus, to understand the etiology of chronic adult diseases, the epigenomic targets that are particularly vulnerable to dysregulation during early development must be identified.
Transposable elements and human disease. Although the human genome is riddled with transposable elements (20) , it is presently unknown if any of them are regulating gene expression in a manner comparable to that seen at the Agouti locus in A vy mice, and, if so, whether they affect human disease susceptibility. The A vy mouse model dramatically demonstrates the importance of determining if epigenetically regulated genes with a methylation and expression profile similar to that of the Agouti gene in this mouse (i.e. "Agouti Expression Fingerprint") are also present in the human genome.
The "Agouti Expression Fingerprint" is defined by a large variability in gene expression between individuals concomitant with a low variability in gene expression between tissues in the three germ layers within an individual. The ratio of these two gene expression variances will therefore be large. Consequently, genome-wide expression chips should be useful in detecting genes with an "Agouti Expression Fingerprint" in both inbred mice and monozygotic twins where genetic variation is eliminated. This experimental approach will only detect genes whose expression pattern is epigenetically established before embryonic stem cell differentiation. Fortunately, this is the stage of development where the epigenome is most vulnerable to environmental perturbations.
Imprinted genes and human disease. The majority of autosomal genes are biallelically expressed. Nevertheless, most of the human diseases that currently are known or suggested to result from epigenetic abnormalities involve imprinted genes (13, 44, 57) . Although epigenetic dysregulation of imprinted genes might just be easier to detect and correlate with disease than for nonimprinted genes, it is more likely that the additional complexity of epigenetic regulation for imprinted genes makes them more susceptible to epigenetic dysregulation compared with nonimprinted genes. Thus, it is critical to identify those genes that are imprinted in the human genome.
To date, most efforts to identify imprinted genes have been experimental, focusing on small regions of a chromosome. A robust method for genome-wide identification of imprinted genes involves the use of machine-learning algorithms trained to identify genomic motifs predictive of imprinted genes. Luedi et al. (58) recently developed such a bioinformatic approach for interrogating the entire mouse genome to identify genes with high probability of being imprinted. Data were collected on repeated elements, CpG islands, transcription factor binding sites, and other DNA characteristics within the upstream and downstream regions, introns, and exons of all annotated genes in the mouse genome. The most important genomic features for predicting the imprint status of a gene include the intronic presence of endogenous retrovirus (ERV) elements, and their insertion orientation relative to that of the gene (Fig. 4) . 
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Of 23,788 annotated autosomal mouse genes, the imprinted gene prediction algorithm identified 600 (2.5%) genes to be potentially imprinted, 64% of which are predicted to exhibit maternal expression. The real power of this bioinformatics approach for predicting imprinted genes, however, lies in its ability to readily interrogate the genomes of any eutherian species for which complete genomic sequence is available. The probability that a gene is actually imprinted would be expected to increase if it is predicted to be imprinted in more than one species, particularly if the species are distantly related. Furthermore, phylogenetic comparison of the orthologous domains for those genes predicted to be imprinted in distantly related species should allow for the identification of evolutionarily conserved cis-acting elements potentially involved in imprinting regulation. These putative imprinting control elements would be expected to be the targets for epigenetic modification by environmental exposures during early development (56) .
CONCLUSION
There is now compelling evidence that the risk of many chronic adult diseases and disorders result from exposure to environmental factors early in development (55, 59) . Moreover, it appears that a link between what we were exposed to in utero and disease formation in adulthood involves epigenetic modifications such as DNA methylation of transposable elements and cis-acting imprinting regulatory elements. Therefore, the development of genome-wide approaches, including expression arrays and novel bioinformatic tools (58) , to determine those epigenetically labile targets in the human genome that are involved in the etiology of chronic diseases is critical. The application of the A vy mouse model as an epigenetic biosensor for environmental effects on the fetal epigenome has identified several important nutritional factors affecting epigenetic gene regulation. The determination of other key chemical and physical environmental factors affecting the fetal epigenome will allow for better health intervention and preventive strategies for protecting individuals from environmentally induced changes in the fetal epigenome.
